Stresses such as energy deprivation, wounding and water-supply disruption often contribute to rapid deterioration of harvested tissues. To uncover the genetic regulation behind such stresses, a simple assessment system was used to detect senescence mutants in conjunction with two rapid mapping techniques to identify the causal mutations. To demonstrate the power of this approach, immature inflorescences of Arabidopsis plants that contained ethyl methanesulfonate-induced lesions were detached and screened for altered timing of dark-induced senescence. Numerous mutant lines displaying accelerated or delayed timing of senescence relative to wild type were discovered. The underlying mutations in three of these were identified using High Resolution Melting analysis to map to a chromosomal arm followed by a whole-genome sequencing-based mapping method, termed 'Needle in the K-Stack', to identify the causal lesions. All three mutations were single base pair changes and occurred in the same gene, NON-YELLOW COLORING1 (NYC1), a chlorophyll b reductase of the short-chain dehydrogenase/reductase (SDR) superfamily. This was consistent with the mutants preferentially retaining chlorophyll b, although substantial amounts of chlorophyll b were still lost. The single base pair mutations disrupted NYC1 function by three distinct mechanisms, one by producing a termination codon, the second by interfering with correct intron splicing and the third by replacing a highly conserved proline with a non-equivalent serine residue. This non-synonymous amino acid change, which occurred in the NADPH binding domain of NYC1, is the first example of such a mutation in an SDR protein inhibiting a physiological response in plants.
Introduction
Chlorophyll (Chl) is actively degraded during senescence, and the yellowing associated with Chl loss has long been considered the most conspicuous and ordered event of both age-related and postharvest-induced senescence programmes (Nooden and Penney, 2001) . The breakdown of Chl in the plastid increases plant fitness by enabling remobilization of nitrogen and other mineral elements to new growing nutrient sinks in the plant (Lim et al., 2007; Thomas and Ougham, 2014) , and is accomplished in the chloroplast via the pheophorbide a oxygenase (PAO) pathway (Christ and Hörtensteiner, 2013; Kusaba et al., 2013) . The final products of its breakdown are water soluble colourless linear tetrapyrroles known as nonfluorescent chlorophyll catabolites (NCCs), which are stored in the vacuole of senescing cells.
Chl a is by far the most common form in higher plants, and is composed of a large heterocyclic aromatic (chlorin) ring and long phytol side chain (Hörtensteiner, 2006) . Chl a absorbs light maximally between wavelengths of 380 to 495 and 620 to 740 nm, and serves as a primary electron donor to transfer resonance energy to the reaction centre located within the antenna complex of photosystem I (PSI). Chlorophytes (green algae and higher plants) also have Chl b, which differs from Chl a in having a formyl (-CHO) rather than a methyl (-CH 3 ) group attached to the chlorin ring (Kusaba et al., 2013) . The formyl group enables Chl b to absorb light with wavelengths between 400 and 500 nm with greater efficiency, thus facilitating the absorption of a wider spectrum of sunlight, particularly during shade adaptation. Chl b is exclusively associated with the light harvesting complex (LHC) of the peripheral antenna complexes, which are embedded in the thylakoid membrane of chloroplasts. The pigment is also crucial for proper plant development because when absent the LHC proteins fail to accumulate, reducing light harvesting and energy transfer ability and leading to abnormal thylakoid structures and impaired growth (Bellemare et al., 1982; Murray and Kohorn, 1991; Kim et al., 2009; Kusaba et al., 2013) .
A number of senescence mutants have been identified and are classified into five different groups (A to E) depending on the timing and rate of their senescence (Thomas and Howarth, 2000) . Type C stay-greens (also known as cosmetic stay-greens) have a block in Chl degradation but relative to wild type have a similar initiation and rate of decline in photosynthetic capacity as their oxygen evolving complex subunits are dismantled (Grassl et al., 2012) . With similar timing they also lose ribulose-1-5-bisphosphate carboxylase-oxygenase (Rubisco), a protein that accounts for as much as 20−30% of total leaf nitrogen (Jiang et al., 2007; Feller et al., 2008) , and express molecular markers of senescence such as SAG12 (Aubry et al., 2008; Grassl et al., 2012) . Although termed 'cosmetic' stay-greens, there are some important features of senescence that are inhibited in these types of mutant; for example their chloroplasts are not properly dismantled thus preventing remobilization of the thylakoid proteins, which are second only to Rubisco as a pool of nitrogen (Morita, 1980; Kusaba et al., 2007; Horie et al., 2009) . This indicates that Chl breakdown is an essential early component of the senescence programme.
In Arabidopsis and other higher plants all NCCs are derived from Chl a (Hörtensteiner et al., 1995) , suggesting that conversion of Chl b to Chl a is the first step in Chl breakdown. During senescence, Chl b is converted into Chl a in a two-step reaction by Chl b reductase and 7-HYDROXYMETHYL Chl a REDUCTASE (HCAR). In rice and Arabidopsis there are two isoforms of Chl b reductase [NON-YELLOW COLORING (NYC1) and NYC1-LIKE (NOL)] (Kusaba et al., 2007; Horie et al., 2009) . Defects in either NYC1 or NOL in rice, but only NYC1 in Arabidopsis, lead to Chl b being retained and a stay-green phenotype (Kusaba et al., 2007; Horie et al., 2009) . Although Chl b is retained in nyc1 mutants of rice and Arabidopsis, no Chl b reductase activity of NYC1 has yet been reported for the recombinant protein in vitro.
NYC1 is classified as a classical short-chain dehydrogenase/ reductase (SDR) (Moummou et al., 2012) . SDRs comprise one of the largest and oldest protein families and are found in Archaea, eukaryotes, prokaryotes and viruses (Filling et al., 2002; Moummou et al., 2012) . Currently, 122 940 SDR proteins have been classified into 464 families (Persson and Kallberg, 2013) . They have highly diverse functions and their pairwise sequence identity is low, typically 20−30% (Filling et al., 2002; Persson and Kallberg, 2013) . They are grouped together based on the conserved 'Rossmann'-fold structure (central β-sheet bounded by three α-helices), a variable N-terminal dinucleotide cofactor binding motif (Gly-X 3 -Gly-X-Gly), and an active site containing the catalytic tetrad (Asn-Ser-Tyr-Lys) at the top of the putative coenzyme binding pocket (Oppermann et al., 1997; Filling et al., 2002; Kavanagh et al., 2008; Persson et al., 2008) . The enzymes typically show high specificity for either NADH or NADPH as their coenzyme, but can be engineered to use both (Yin et al., 2014) . In microorganisms the importance of particular SDR amino acid residues in catalysis has been revealed by a combination of chemical modification, sequence comparison, structural analysis and site directed replacements (Filling et al., 2002; Persson et al., 2008) . However, despite the importance of this superfamily in plant metabolism, as far as the authors are aware no site directed modifications have been carried out on plant SDRs and no reports have revealed protein modifications that alter the activity of plant SDRs.
To better understand the molecular control of senescence, a simple and reliable senescence assay was developed based on the degreening of detached dark-held immature inflorescence tissue, termed the Arabidopsis Inflorescence Degreening Assay (AIDA) (Trivellini et al., 2012; Hunter et al., 2015) . AIDA combined with reverse genetics and transcriptome profiling has been used to show that degreening of the detached dark-held immature tissues was controlled by carbohydrate status sensing, ethylene and phytochrome interacting factordependent signalling (Trivellini et al., 2012) .
Here an ethyl methanesulfonate (EMS)-based forward genetics approach is reported in combination with AIDA to identify novel genetic lesions controlling dark-induced degreening of detached inflorescences. EMS-induced mutagenesis primarily (>99% of the time) causes C/G to T/A single nucleotide substitutions (Till et al., 2004) , which not only cause loss or gain of function of the genes but can also produce partial loss of function mutations that help to identify the role of genes whose loss of function can be lethal (Kim et al., 2006) . Identifying the causal lesions induced by EMS and other mutagens is becoming easier because of rapid advancements in whole genome-based sequencing analysis methods. One such method, Needle in the K-Stack (NIKS), was developed for reference-free genome comparison (Nordstrom et al., 2013) . Here NIKS-based mapping was used in combination with High Resolution Melting (HRM) PCR to identify three single nucleotide polymorphisms that caused defects in NYC1 of Arabidopsis via distinct mechanisms.
Materials and methods
Plant material and growth conditions EMS-treated Arabidopsis thaliana Ler-0 seeds (M2) were obtained from Lehle Seeds (Round Rock, TX, USA). Seeds were germinated and grown in trays in standard potting mix under standard greenhouse conditions with supplemental lighting to provide a 16-h-light/8-h-dark cycle, supplementary heating below 16°C and cooling above 21°C.
AIDA screen
Immature inflorescences from ~20 000 M2 seedlings were detached and placed with their cut ends in water within wells of a microtitre plate. The plate was placed on moistened blotting paper in a covered black plastic container, which was held in the dark at 21°C. At 5 d of dark incubation, inflorescences of three M2 lines that were greener than wild type were selected for further analysis. Plant generations were designated as follows: M3 Ler-0 plants were selfed progeny of original M2 recessive trait mutants; M4 Ler-0 plants were progeny of selfed M3 plants; F1 Ler-0 plants were the progeny from backcross of M4 plants with Ler-0 or Col-0 (i.e. they will have one chromosome from Ler-0 mutant and one from wild type); F2 (mapping population) plants were derived from selfed F1 seeds.
Mapping of nyc1 mutants
Homozygous M4 mutants delayed in inflorescence degreening were backcrossed to both Col-0 and Ler-0 following the method of Koornneef et al. (2006) , and the resulting F1 plants were selfed to generate the F2 mapping populations as described in Hunter et al. (2015) .
Chlorophyll analysis
Individual inflorescences were weighed and stored in microfuge tubes at −80 °C until all inflorescences from all treatment times were collected. To the inflorescences was added 30 volumes of 96% ethanol (i.e., 150 µl for 5 mg of tissue). The tubes were then placed in the dark at 4°C for 48 h. The concentration of chlorophyll was determined from 2 µl of the supernatant by measuring absorbance at 649 nm and 665 nm with a NanoDrop 1000 spectrophotometer and using the equations of Wintermans and De Mots (1965) . At day 5, when visual differences were obvious between the mutants and wild type, Chl values were very low and difficult to measure accurately. Therefore Chl content was measured at day 3.
HRM analysis
Primers for HRM-PCR were designed with Primer3 (http://bioinfo. ut.ee/primer3-0.4.0/primer3 (Rozen and Skaletsky, 1999) with default parameters, except for the following: set 'Max Self Complementarity' to 4, 'Max3ʹ'Max Self Complementarity' to 4, 'Max3PrimMin to 40 and Max to 55, and 'Product Size' Min to 70 and Max to 150. HRM primers initially were designed to SNPs identified in supplementary tables 4 and 5 of Warthmann et al., (2007) . Additional primers were designed to SNPs using their Multiple SNP Query Tool (http://msqt. weigelworld.org/nordborg/index.html) and by aligning the output sequence to the Ler-0 genome (Gan et al., 2011) . HRM was carried out in 96-or 384-well microtitre plates in a LightCycler 480 instrument (Roche Diagnostics) using primers (Supplementary Table S1 ) that amplified PCR products containing SNPs spanning all five chromosomes (Hunter et al., 2015) . Based on initial results additional primers were designed to map with further resolution the position of the causal SNP linked to the trait in the upper region of the lower arm of chromosome 4 (Supplementary Table S2 ). Genomic DNA (gDNA) of F1 generation plants (one Col-0 chromosome, one Ler-0 chromosome) and wild-type homozygous individuals were used as controls to illustrate what amplified heteroduplexes or homoduplexes looked like, respectively. The individual HRM reaction was performed in 7 µl, which consisted of 3.5 µl HRM master mix (Roche Diagnostics, Auckland, New Zealand), 2.5 mM MgCl 2 , 0.2 mM forward and reverse primers, and 2 µl gDNA (isolated by Slipstream Automation, Palmerston North, New Zealand). PCR conditions were as follows: denaturation 95°C for 5 min and 40 cycles of: 95°C for 10 s, 55°C for 30 s, 72°C for 15 s (with fluorescence acquisition). At the end of the PCR amplification slow ramping rate melt analysis was performed as follows: 95°C for 1 min, 40°C for1 min, 65°C to 95°C with continuous fluorescence acquisition (25 measurements per 1°C).
Genomic DNA isolation
Initially, nuclear enriched genomic DNA for whole genome sequencing was isolated according to the method of Lutz et al. (2011) . Later a hybrid method of the Lutz protocol was used with that of Dellaporta et al. (1983) as described in Hunter et al. (2015) . Two micrograms gDNA at a concentration of 100 ng µl -1 in 1× TE buffer was sent to Macrogen (http://dna.macrogen.com) for 100 bp pairend sequencing on an Illumina HiSeq2000 sequencer.
NIKS analysis
The whole genome sequencing data was analysed by the NIKS method as described by Nordstrom et al. (2013) with additional scripts as described in Hunter et al. (2015) .
qRT-PCR analysis
Total RNA was isolated using the ZR Plant RNA MiniPrep™ RNA extraction kit (Zymo Research, Irvine, CA, USA). RNA (1 µg) was treated with DNase1 (Life Technologies, Waltham, MA, USA) and used as a template for cDNA synthesis. cDNA was produced from the RNA using SuperScript® III Reverse Transcriptase (Life Technologies) and the reverse-strand primer KS-DT (Supplementary  Table S3 ). After synthesis, the cDNA was diluted 20-fold for use as template in quantitative PCR (qRT-PCR). qRT-PCR was performed in 10-µl reactions using a LightCycler 480 SYBR Green 1 Master PCR labelling kit (Roche) and Rotor-Gene 3000 Real Time PCR machine (Corbett Research, Sydney, Australia). Primers were designed using QuantPrime (Arvidsson et al., 2008) , www.quantprime.de/). PCR was performed as described in Trivellini et al. (2012) on three biological replicates each with five to six pooled inflorescences. Analysis was carried out using the method of 'comparative quantification' present in the Corbett Rotor-Gene 6000 Application Software (McCurdy et al., 2008) . The amplifications were normalized to PP2AA3 (At1g13320), and MON1 (At2g28390), reference genes that microarray analysis confirmed to be particularly stable throughout development and under a range of environmental conditions (Czechowski et al., 2005) .
In silico analysis Sequence alignments were carried out using BioMatters Geneious Desktop Software (http://www.geneious.com/) (Kearse et al., 2012) . Secondary structure predictions were performed using the I-TASSER 3D protein structure and function predictor programme (Bazzoli et al., 2011; Yang et al., 2015) . The presence of transmembrane domains were predicted using the TMHMM server (http:// www.cbs.dtu.dk/services/TMHMM-2.0/).
Statistical analysis
Segregation ratios of mutants were analysed using chi-square goodness of fit tests in GenStat (version 17, VSNi Ltd, Hemel Hempstead, UK) to test whether the segregation of the mutations differed from a 3:1 ratio. The data for chlorophyll a/b ratios and relative transcript abundance were analysed using ANOVA; for each line orthogonal contrasts were used to compare means between day 0 and day 3, and for each day Fisher's 5% Least Significant Difference (LSD) was used to compare means between lines. Data were log transformed when necessary to equalize variances.
Results

Identification of detached immature inflorescences with delayed dark-induced degreening
Plants germinated from EMS-mutagenized Arabidopsis M2 Landsberg erecta (Ler-0) seeds showed much variation in vigour, morphology and time of flowering. Immature inflorescences were harvested from these plants in groups as they became available and screened for altered timing of darkinduced degreening by detaching and holding them in water in microtitre plates in the dark at 21°C. Immature inflorescences from ~ 20 000 plants were examined daily up to 5 d. The majority of inflorescences were completely degreened at day 5 of dark incubation, as were wild-type Ler-0 inflorescences. However, a number of mutants were identified with varying degrees of altered timing of degreening, composed of 10 mutants with accelerated yellowing and 20 with delayed yellowing. Their altered timing of degreening was sometimes, but not always, associated with morphological changes.
In this manuscript the authors have characterized the genetic basis behind three of these mutants whose plants looked normal but whose immature inflorescences showed a dramatic delay in degreening when detached and held in water in the dark (Fig. 1) . The inflorescences of the mutants designated non-yellow coloring1 (nyc1)-2, -3 and -4 remained green, a phenotype that was visible even after 7 d of dark incubation ( Supplementary Fig. S1 ). When the three mutants were selfed for a further two generations (M3 and M4), they still showed a delay in degreening compared with wild type (data not shown). They also exhibited delayed sepal degreening in planta ( Supplementary Fig. S2 ), and delayed dark-induced degreening of their detached whole rosettes ( Supplementary  Fig. S3 ). The attached leaves of the nyc1 plants held in the dark for 10 d remained green even when the leaves were showing signs of water deficit stress ( Supplementary Fig. S4 ).
Genetic characterization and HRM-based mapping of nyc1 mutants
To identify the genetic nature of the lesions underlying the delayed inflorescence degreening of nyc1-2, -3 and -4, the M4 mutants were backcrossed to Ler-0 and Col-0 and the segregation of their inflorescence degreening was examined. None of the inflorescences of the F1 progeny showed any delay in degreening compared with wild type, suggesting that all three nyc1 mutants were recessive. When seeds collected from the F1 individuals were sown and the inflorescences of the F2 progeny plants tested in the degreening screen, the delayed degreening segregated in ~1:3 ratios suggestive of monogenic recessive traits (Table 1, Fig. 2A ). The segregation of the delayed degreening trait could also be readily observed in attached immature inflorescences by placing whole plants in the dark (Fig. 2B) .
The genomic DNA of F2 plants that were positive for the delayed degreening phenotype, obtained from nyc1×Col-0 crosses, were used in HRM mapping analysis. HRM analysis mapped nyc1-2 within a 400 kb region towards the top of the lower arm of chromosome 4 and nyc1-3, and -4 to the lower arm of chromosome 4 (Supplementary Table S2) .
NIKS-based identification of genetic lesions in nyc1 mutants
To identify the target lesions in the HRM-mapped regions of nyc1-2, -3 and -4, a recently developed whole genome sequencing (WGS)-based mapping approach, NIKs, was used (Nordstrom Fig. S5 ).
Effect of EMS lesions in NYC1
To determine whether the mutations in NYC1 were likely to disrupt NYC1 function, the possible effects of the three lesions on protein structure were investigated. The nyc1-4 mutant had a C/T substitution in exon 8 that changed a CCT codon to TCT. This caused an amino acid change from proline to serine at amino acid position 360 (Pro360Ser). In silico analysis suggested that the substitution to serine would change the 3D structure of the NADPH binding site, making the residue part of the beginning of a coiled motif rather than at the end of a sheet motif (Fig. 3) . The nyc1-2 mutation was a C/T substitution in exon 8 that changed the sequence CAA encoding glutamine at amino acid position 348 to TAA, a stop codon. This would result in a truncated protein lacking the last 148 amino acid residues, including the proline at position 360 that is important for cofactor binding and the amino acids of the third transmembrane domain (Fig. 3) . When the complete open reading frame of NYC1 was compared with other sequences in the PDB protein database (NCBI), the proline at position 360 was found to be one of 26 residues of an NADPH binding site in the conserved SDR_c domain (amino acids 164−395 of NYC1) (Fig. 4) . The importance of proline at this site is clear from its high conservation in oxidoreductases from a wide variety of organisms including mammals, mosses, green algae, red algae, proteobacteria, and Firmicutes (Fig. 4, Supplementary Fig. S6 ).
The mutation in nyc1-3 changed the conserved terminal 3ʹ intron splice sequence 'AG' of intron 5 to 'AA'. To confirm that this affected processing of the mature NYC1 mRNA, PCR was performed on cDNA from nyc1-3 and wild type using primers that spanned a region including intron 5 of NYC1 (Fig. 5) . PCR of wild-type NYC1 cDNA amplified a 199 bp product, which sequencing showed corresponded to the mature spliced form of NYC1. In contrast, PCR of the nyc1-3 cDNA sequence amplified two products, of sizes 167 bp and 289 bp. Sequencing revealed that the smaller fragment was caused by the splicing out of intron 5 plus an additional 32 bp of exon 6 to the next downstream 'AG' in the genomic sequence. This put the mature mRNA out of frame from amino acid residue 260 and generated a stop codon at residue 302, meaning loss of all four active site residues important for activity. Sequencing of the larger and more prominent 289 bp fragment in nyc1-3 revealed that it was caused by the 90 bp intron 5 not being spliced out from the cDNA, resulting in a stop codon (TAG) at the intron5/exon6 junction and leading to truncation of the protein.
Complementation of nyc1-2, -3, and -4
To confirm that the delayed degreening of nyc1-2, -3 and -4 was due to the lesions in NYC, the mutant plants were transformed with a 4296 bp wild-type genomic fragment encompassing the NYC1 gene [containing 1707 bp of putative promoter, 185 bp of 5ʹ untranslated region (UTR), 2274 bp of exons plus introns and 130 bp of 3ʹ UTR]. Figure 6 shows reversion of the delayed degreening phenotype back to wild type in the transformed plants and sequence confirmation that the plants complemented were homozygous for the putative causal SNP and had been transformed with the wild-type genomic fragment. When the complemented plants were selfed and their T2 seeds sown the number of mutant plants whose inflorescences reverted back to the wild-type phenotype showed a revertant:mutant ratio of 3:1, consistent with the complemented plants having been transformed with a single insertion of the wild-type fragment ( Supplementary  Fig. S7 ).
Chl b loss in inflorescences of nyc1-2, -3, and -4 is less than in wild type
Both wild-type and mutant inflorescences lost significant amounts of Chl a and Chl b by three days of dark incubation (P<0.01) (Fig. 7A, B) . The wild-type inflorescences lost approximately equal amounts of Chl a (67%) and Chl b (70%) during the 3-d dark incubation. In contrast, the mutants lost H, α-helix; C, coil; S, β-sheet. The conserved proline at position 360 (mutated to serine in nyc1-4) in the NAD(P)H binding site of SDR proteins is indicated by the red star. The Pro360Ser mutation changes the residue from being at the beginning of the coil, C, to being at the end of the β-sheet, S, as indicated. The catalytic tetrad of active site residues Asn 287 , Gly 316 , Tyr 330 and Lys 334 are indicated in bold and by a black star above. NYC1 has Gly 316 replacing the Ser usual in SDR proteins. The down arrows denote the two Arg residues (in bold) that are important for specifying NADPH over NADH binding (Kallberg et al., 2002; Yin et al., 2014 less Chl b, which meant their Chl a/b ratios were significantly lowered, from ~2 to ~1.5. (P<0.01) ( Table 2 ). This was consistent with the mutants having defects in Chl b reductase.
Induction of ANAC092 is not suppressed in nyc1-2, -3 and -4 inflorescences during dark incubation
Dark-induced senescence involves the induction of many genes, not just those involved in Chl catabolism. In order to assess the progression of the senescence process as a whole in the nyc1 mutants, the transcript abundance of ANAC092, whose product functionally accelerates dark-induced degreening of detached inflorescences (Trivellini et al., 2012) , was measured. ANAC092 mRNA abundance increased substantially in wild-type Col-0 and Ler-0 detached immature inflorescences during dark incubation (Fig. 8) . The increase in transcript abundance of ANAC092 was significantly suppressed in the functional stay-green mutant ein2 (Fig. 8A ), but not in nyc1-2, -3 and -4 (Fig. 8B ). This suggests that the nyc1 mutants are affected in the Chl catabolism pathway rather than in the entire senescence process.
Inflorescence degreening is associated with increased mRNA abundance of NYC1, PPH and PAO
Chl catabolism is a multi-step process. After conversion of Chl a to Chl b by HCAR, the next step is removal of the Mg 2+ from the chlorin ring to produce pheophytin a by an unknown mechanism (Hörtensteiner, 2013) . Pheophytin a then has its phytol side chain hydrolysed from the ring by PHEOPHYTIN PHEOPHORBIDE HYDROLASE (PPH) to produce pheophorbide a. The chlorin ring is then opened by the Fe-dependent monooxygenase PHEOPHORBIDE a OXYGENASE (PAO) to produce red chlorophyll catabolite (RCC), which is then reduced by RCC REDUCTASE (RCCR) to the non-toxic primary fluorescent chlorophyll catabolite (pFCC). The transcriptional regulation of NYC1 and the other genes of the chlorophyll catabolic pathway was further explored using data from previously published microarrays (van der Graaff et al., 2006) and the BAR Expression Browser (Toufighi et al., 2005) . The electronic northern of the BAR Expression Browser showed that the opening of the green floret buds of Arabidopsis into flowers in planta was predominantly associated with increased transcript accumulation of three of the seven catabolic genes examined (NYC1, PPH, and PAO) in sepals, petals and stamens ( Supplementary Fig.  S8 ). This correlated well with the rapid degreening of the florets associated with senescence of the flower. Their close association with degreening was also observed in leaves where NYC1, PPH and PAO showed 4-fold or more increased transcript abundance during age-related, shade-induced and detached-dark-induced leaf senescence ( Supplementary Fig. S9A−C) .
Nonsense mutations in NYC1 lowered its mRNA abundance but did not affect mRNA abundance of other Chl catabolic genes
The increase in transcript abundance of NYC1 during degreening in the dark-held inflorescences was suppressed in the nonsense mutant (nyc1-2) and to some extent in the splice junction mutant (nyc1-3) that resulted in two possible nonsense mutations (Fig. 9A) . However, the increase in dark-induced NYC1 mRNA abundance was not affected in the missense nyc1-4 mutant. In contrast, transcript abundance of its paralogue NOL was not different from wild type in any of the three mutants (Fig. 9B) .
No suppression of transcript abundance of the other darkinduced catabolic genes (PPH and PAO) was observed in nyc1-2 and -3 (Fig. 10) . Examination of the other three catabolic genes in the Chl degradation pathway (HCAR, AtCLH1 and RCR) showed that in nyc1-3 these also did not differ substantially from wild type (Supplementary Fig. S10 ).
Discussion
The delayed degreening of dark-held immature inflorescences from three EMS-mutated lines of Arabidopsis was found to be caused by different lesions in the gene NYC1, which encodes a Chl b reductase. The stay-green phenotype was also observed in sepals in planta, in leaves of whole plants held in the dark and in detached dark-held rosettes with roots removed, emphasizing the importance of Chl b reductase activity in both age-related and stress-induced senescence responses. Cosmetic stay-green mutants are caused by lesions in the Chl catabolic pathway and differ from 'functional' senescence mutants in having the underlying molecular control of senescence proceeding normally (Thomas and Howarth, 2000) . Transcript accumulation of ORESERA1/ANAC092, a transcription factor that is a recognized molecular marker of senescence (Balazadeh et al., 2010) and positively regulates the senescence programme in Arabidopsis inflorescences (Trivellini et al., 2012) , was not suppressed in the nyc1-2, -3 and -4 mutants, unlike in the ethylene signalling mutant ein2 where senescence is also delayed (Fig. 8) . This was consistent with the delayed degreening of the three mutants being caused by defects in NYC1 rather than in senescence signalling pathways.
The nyc1-2, -3 and -4 mutants show preferential retention of Chl b during dark incubation
The preferential retention of Chl b in the dark-held inflorescences of the nyc1-2, -3 and -4 mutants (Fig. 7B, Table 2 ) is characteristic of NYC1 mutants (Kusaba et al., 2007; Horie et al., 2009; Sato et al., 2009 ). This lowering of the Chl a/b ratio is the opposite to what is normally found in wild-type leaves induced to senesce in the dark, which show increased Chl a/b ratios indicating that Chl b is being converted to Chl a faster than the Chl a is degraded (Pruzinska et al., 2005; Horie et al., 2009; Schelbert et al., 2009) . Degradation of Chl b is necessary for senescence to proceed to completion, with its loss being required for the proper degeneration of the thylakoid membranes (Kusaba et al., 2007) and remobilization of thylakoid proteins (Horie et al., 2009) , which constitute 20% of the cellular nitrogen of a mesophyll cell (Hortensteiner, 2006) . Without NYC1 activity, chloroplasts retain grana and LHCII proteins even at late stages of senescence (Kusaba et al., 2007; Horie et al., 2009; Tanaka and Tanaka, 2011) . However, despite having a compromised ability to degrade the chloroplasts and its components for assumed nutrient remobilization purposes, as far as the authors are aware no compromised yield or fitness of plants has yet been shown for cosmetic stay-greens apart from reduced seed germination in the nyc1/nol mutant (Nakajima et al., 2012) .
Significant amounts of Chl b are still lost in the nyc1-2, -3 and -4 mutants during dark incubation
Despite preferentially retaining Chl b, the concentration of the pigment still declined substantially in inflorescences (by 30−43%) by day 3 of dark incubation in all three independent nyc1-2, -3, -4 mutants (Fig. 7B) . In detached rice leaves held in the dark, Sato et al. (2009) found that mutations in either NYC1 or NOL resulted in the same ultrastructural abnormalities and retention of the majority of Chl b. No further loss of Chl b was found in the nyc1 nol-1 double mutant. This suggests no functional redundancy of NYC1 and NOL in rice. Additionally, they found that NYC1 and NOL physically interact, and suggested that full activity might require a NYC1 NOL heterodimer complex. In contrast to rice, Chl b declined in leaves of nyc1 Arabidopsis plants held in the dark for 8 d (Horie et al., 2009) . Unless there is another mechanism for degrading Chl b, NOL must have a role in degreening during senescence, despite the proposal that NOL functions mainly during vegetative growth (Sakuraba et al., 2013) . Together with the results of the current study, these findings suggest that NOL either is active but less efficient than NYC1 or can convert some, but not all, of the Chl b in the tissue to Chl a during senescence. Perhaps there is a Chl b pool that is inaccessible to NOL, leading to the stay-green phenotype in the nyc1-2 to -4 mutants. Thus further work is needed to understand how NYC1 and NOL interact to effect senescence-associated Chl b degradation in Arabidopsis and rice.
NYC1 transcription is co-ordinately up-regulated with PPH, PAO and NOL in inflorescences
The transcript abundance of NYC1, PPH and PAO was co-ordinately upregulated in the detached dark-held inflorescences. This supports the view that Chl b breakdown is the first step in Chl catabolism, or at least occurs at the same time as that of Chl a breakdown. Increased accumulation of NYC1, PPH and PAO transcripts has also been observed in embryos during late stage seed development (Xiang et al., 2011) , and in photosynthetic tissues that are developmentally aging (van der Graaff et al., 2006; Supplementary Figs S8, S9) or that have been induced to de-green (Sakuraba et al., 2013; Yamatani et al., 2013) . These genes also cluster closely together in gene network analysis programmes such as ATTEDII (Obayashi et al., 2009) , suggesting regulation by common transcription factors. There was also a small (~2-fold) increase in NOL transcript abundance in the dark-held inflorescences at day 3, consistent with NOL having a role in senescence-associated Chl b loss.
Chl b reductase mutations do not affect mRNA abundance of other enzymes in the Chl catabolic pathway
Changes in plastid metabolism can result in signalling back to the nucleus to affect gene transcription, a phenomenon known as retrograde signalling (Chi et al., 2013) . Transcription of other chlorophyll catabolic enzymes could be affected in nyc1 mutants because intermediates in tetrapyrrole metabolism are known to influence gene expression (Chi et al., 2013) , and algal bilins, which structurally resemble Chl catabolites, influence cellular signalling (Rochaix, 2013) . Furthermore, Chl b overproduction retards age-dependent senescence by transcriptionally downregulating senescenceassociate genes (Sakuraba et al., 2012a) , and changes in gene regulation of some chlorophyll catabolism-associated genes affect transcript abundance of others (Sakuraba et al., 2014) . For example, the chloroplast targeted stay-green genes SGR1 and SGR2 reciprocally regulate transcript abundance of NYC1 and PPH (Sakuraba et al., 2014) , and overexpression of PPH increases transcript abundance of other enzymes in the chlorophyll catabolic pathway (Sakuraba et al., 2012b) . However, no evidence was found for defects in NYC1 affecting mRNA abundance of NOL, HCAR, AtClH1, PPH, PAO or RCCR (Figs 9, 10, Supplementary Fig. S10 ).
Nonsense mutations reduced transcript abundance of NYC1
Abundance of the mutant NYC1 mRNAs from nyc1-2 and nyc1-3 (which also had an internal stop codon) were lower than those of nyc1-4 and wild-type NYC1 (Fig. 9A) . Reduced mRNA abundance caused by nonsense or splice site mutations has also been observed in wheat and tomato genes (Botticella et al., 2011; Neuman et al., 2014) , suggesting that the NYC1 transcript may have been subjected to nonsensemediated RNA decay (NMD) (Chang et al., 2007) . NMD is a mechanism found in both plants and animals to remove pseudogenes, ancient transposons, mRNA-like non-coding RNAs and transcripts encoding truncated proteins that may have gain or loss of function activities deleterious to the cell (Baker and Parker, 2004) . 
nyc1-4 mutant indicates importance of Pro 360 in function of SDR proteins
The Chl b reductases of Arabidopsis were predicted to use NADPH rather than NADH as their cofactor based on two conserved amino acid residues (Kallberg et al., 2002; Kusaba et al., 2007) . Horie et al. (2009) were able to confirm NADPH-dependent activity of recombinant NOL produced in Escherichia coli, but were unable to produce active NYC1, probably because the presence of three membrane spanning domains led to the formation of insoluble aggregates. Evidence for NYC1 requiring NADPH as its cofactor has come from mutation studies on the NADPH-dependent aldehyde reductase of Gluconobacter oxydans (Yin et al., 2014) , where mutation of an arginine residue (equivalent to Arg 193 in NYC1, Fig. 3 ) to tyrosine/lysine at the coenzyme binding pocket resulted in the enzyme being able to use both NADPH and NADH. Although it has not been possible to measure in vitro activity of recombinant NYC1, it has been possible to demonstrate with the nyc1-4 mutant in vivo that substituting proline for serine in the proposed substrate-binding loop of NYC1 affected the protein in a way that caused a stay-green phenotype. The importance of this proline residue was initially suggested by its very high conservation amongst SDR proteins in both plant and animal kingdoms (Fig. 4, Supplementary Fig.  S6 ). Prolines are unique, being the only amino acid that has its side chain attached to the protein backbone twice to form a five-membered nitrogen-containing ring (Betts and Russell, 2003) . This configuration means that proline is often found in very tight turns where it causes the polypeptide chain to change orientation because the side chain is bonded to the backbone nitrogen as well as to the carbon. It also enables kinking in α-helices since it cannot adopt a normal helical structure. Interestingly, it is usually not involved in protein active or binding sites because of the non-reactiveness of its side chain and the rigidity it confers to the main chain (Betts and Russell, 2003) .
Recently, Hwang et al. (2013) investigated the importance of the equivalent proline residue in the recombinant SDR protein 3α-hydroxysteroid dehydrogenase/carbonyl reductase from the human pathogen Comamonas testosteroni. This NADHdependent reductase catalyses the oxidation of androsterone with NAD + to form androstanedione and NADH. The flexibility of the substrate-binding loop was increased by mutating Pro 185 in the hinge region, and both Pro185Ala and Pro185Gly mutants increased the catalytic constant but decreased the catalytic efficiency of the enzyme for androsterone. They concluded that the increased flexibility of the substrate-binding loop substantially weakening binding of NAD + in the mutants, making the hydride transfer to NAD + the rate-limiting step of the reaction. It is likely therefore that the stay-green phenotype of the nyc1-4 mutant is due to the inability of NADPH to stay long enough in the coenzyme pocket to facilitate reduction of Chl b. Although SDRs comprise a large and important protein family, this is the first report of a missense mutation in the substrate-binding loop inhibiting a physiological response in plants. The enzyme function was inhibited to an extent equivalent to a knockout of the gene, and suggests that modification of this proline residue could be useful in protein engineering to alter SDR activity. The genetic lesions in the mutants characterized in this study were identified using HRM and NIKS mapping technologies in combination. These two approaches proved very complementary. HRM was first reported as a method for distinguishing between homozygous and heterozygous sequences over a decade ago (Gundry et al., 2003) . With advances in PCR technology the procedure has now become very powerful for enabling rapid and cheap genotyping of SNPs simultaneously in large plant populations (Chagné, 2015) . In the present study HRM was used first to identify the region containing the causal SNP to within a chromosome arm, since when NIKS is used as a stand-alone procedure to facilitate mapping of homozygous mutations in whole genomes, it is still an expensive and computationally intensive method.
In summary, this study has confirmed that the AIDA-HRM-NIKS system is a powerful method for identifying both phenotype and causal mutations associated with stress responses. Using this system, it was possible to identify three EMS-induced single nucleotide changes in the NYC1 gene that by different mechanisms led to a stay-green phenotype. The mutations caused preferential retention of Chl b that prevented the tissue from yellowing during dark incubation. However, Chl b amounts still declined significantly in the tissue suggesting that that there are other mechanisms, such as the activity of NOL, for degrading Chl b during senescence.
